TTPOS^l 



October 2008 



Supersymmetric renormalisation of the CKM matrix and 
new constraints on the squark mass matrices 



Andreas Crivellin and Ulrich Nierste 

InstitutfUr Theoretische Teilchenphysik 
Karlsruhe Institute of Technology, Universitat Karlsruhe, 
D-76128 Karlsruhe, Germany 



Abstract 



We compute the finite renormalisation of the Cabibbo-Kobayashi-Maskawa (CKM) matrix 
induced by gluino-squark diagrams in the MSSM with non-minimal sources of flavour violation. 
Subsequently we derive bounds on the flavour-off-diagonal elements of the squark mass matrices 
by requiring that the radiative corrections to the CKM elements do not exceed the experimental 
values. Our constraints on the associated dimensionless quantities Sf^^^, j > i, are stronger than 
the bounds from flavour-changing neutral current (FCNC) processes if gluino and squarks are 
heavier than 500 Ge V. Our bound on | S^^^ \ is stronger than the FCNC bound from D—D mixing 
for superpartner masses above 900 GeV. We further find a useful bound on |(5"3^^|, for which no 
FCNC constraint is known. Our results imply that it is still possible to generate all observed 
flavour violation from the soft supersymmetry-breaking terms without conflicting with present- 
day data on FCNC processes. We suggest that a flavour symmetry renders the Yukawa sector 
flavour-diagonal and the trilinear supersymmetry-breaking terms are the spurion fields breaking 
this flavour symmetry. We further derive the dominant supersymmetric radiative corrections to 
the couplings of charged Higgs bosons and charginos to quarks and squarks. 



1 Introduction 



The generic Minimal Supersymmetric Standard Model (MSSM) contains a plethora of new sources 
of flavour violation, which reside in the supersymmetry-breaking sector. The origin of these flavour- 
violating terms is easily understood: In the Standard Model (SM) the Yukawa matrices are diago- 
nalised by unitary rotations in flavour space and the resulting basis defines the quark mass eigenstates. 
If the same rotations are carried out on the squark fields of the MSSM, one obtains the super-CKM 
basis in which no tree-level FCNC couplings are present. However, neither the 3x3 mass terms M?, 
Mj and M? of the left-handed and right-handed squarks nor the trilinear Higgs-squark-squark cou- 
plings are necessarily diagonal in this basis. The triUnear QHdA'^dR and QHuA'^ur terms induce 
mixing between left-handed and right-handed squarks after the Higgs doublets Hd and Hu acquire 
their vacuum expectation values (vevs) Vd and Vu, respectively. In the conventions of Ref. [1] the full 
6x6 mass matrix for the down-squarks reads 
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and the up-type squark mass matrix is defined in an analogous way witli d replaced by u. Here the 
A|j^^, i,j = 1, ... 3, are related to the trilinear terms as 
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We normalise the Higgs vevs as = y + t;^ ~ 174 GeV and define tan (3 = Vu/v^ as usual. The 
complete squark mass matrix is given in the appendix, where we also elaborate on the relationship 
between weak bases and the super-CKM basis. The diagonalisation of Af | involves a rotation of the 
squark fields in flavour space which leads to various flavour-changing neutral couplings. In particular 
the gluino now couples to quarks and squarks of different generations and FCNC processes occur 
through strong gluino-squark loops, which easily dominate over the highly CKM-suppressed weak 
loops of the SM. Anticipating the smallness of the off-diagonal elements in Mj _ one can alternatively 

work in the super-CKM basis and treat the A^^ 's (with X,Y = L oi R) as perturbations [1^]. It 
is customary to define the dimensionless quantities 
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In the current era of precision flavour physics stringent bounds on these parameters have been derived 
from FCNC processes, by requiring that the gluino-squark loops do not exceed the measured values 
of the considered observables [1, 5-10]. In the recent analysis of Ref. [9] the strongest constraint has 

for 



been obtained on 62^^ with 
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350 GeV. 



In this paper we show that charged-current processes give competitive bounds on the 's. This is 
surprising, because here a supersymmetric loop competes with a SM tree-level coupling. However, 
the flavour structure of the SM is governed by very small Yukawa couplings: In a weak basis with a 
diagonal up-type Yukawa matrix y" the off-diagonal elements of the down-type Yukawa matrix 



range from |y3'^| ~ 10 ^ to 
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6-10 at the relevant scale of MsusY = 0{M. 



The 



impact of supersymmetric loop corrections to these couplings is most easily understood in the de- 
coupling limit MgusY ^ v: The tree-level and loop-induced Higgs couplings to down-type quarks 
are shown in Fig. [T] After electroweak symmetry breaking all diagrams contribute to the quark mass 
matrix. The loop-induced contributions are comparable in size to the tree-level term Yj!-Vq if roughly 
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Figure 1 : Tree-level coupling with Y(- and FCNC loop corrections with A^^ (upper row) and A^^ ' 
(lower row) in the mass insertion approximation for MsusY ^ v. Replacing the Higgs fields by their 
vevs gives the contributions to the down-type quark mass matrix. The lower diagrams contribute to the 
mass matrix with an enhancement factor of tan /? = Vu/vd compared to the other two contributions. 



l^/J/AfsusY ~ 167r2|y^«J or (for down-type quarks) \Yf./S.jl^^ n\ tan/3/M|ugY ~ lOvr^ly^'^J, re- 
spectively. (Here /z is the Higgsino mass parameter.) 

In Ref. [1 1] it was pointed out that such corrections constitute an important modification of the relation 
between the mass and the Yukawa coupling of the bottom quark. Subsequent papers studied the 
analogous corrections to the whole down-quark mass matrix for the case of minimal flavour violation 
(MFV), i.e. diagonal matrices M? and M| in the super-CKM basis [12-15]. Here the key effect of 
the supersymmetric loop correction is the generation of effective FCNC couplings of neutral Higgs 
bosons. One can proceed along these lines to calculate the shift in the CKM elements induced by 
squark-gluino loops: The quark mass matrix calculated from the diagrams in Fig. [T] is diagonalised 
in the usual way yielding the loop-corrected CKM matrix V. This has been done for the MFV case 
in Ref. [16] and for the generic case in Ref. [17]. As a disadvantage, this method is only valid in the 
decoupling limit MsusY ^ v. In particular, this is a questionable approximation for the top quark, 
whose mass must be set to zero in the diagrams of Fig. [U Another difficulty is the appearance of 
the Yukawa matrices in the result of these diagrams, while we only have experimental information 
on the CKM matrix and the quark masses. To calculate the Yukawa matrices from the latter, one has 
to invert the relations between the loop-corrected mass matrices and the Yukawa couplings. But in a 
phenomenological application it is desirable to have the loop-corrected V directly expressed in terms 
of CKM elements and (s)particle masses. All these drawbacks can be avoided if one renormalises 
the CKM matrix directly, as it has been done within the Standard Model in Ref. [18]. This method 
further involves only physical quantities and thereby bypasses another pitfall of the afore-mentioned 
calculation from the diagrams in Fig. [U For instance, one might be tempted to derive strong bounds 
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on Sfj^^ from the lower right diagram of Fig. [T] But the result of this diagram can be absorbed into 
an unphysical rotation in flavour space of the right-handed quarks and no such bounds can be found. 

The main results of our paper are new stringent bounds on the flavour-off-diagonal entries 5^^ of 
the squark mass matrices. These bounds are derived from a fine-tuning argument, by requiring that 
no large numerical cancellations should occur between the tree-level CKM elements and the super- 
symmetric loop corrections. Translated to fundamental parameters in the lagrangian, this means that 
the loop diagrams in Fig.[T]involving the trilinear supersymmetry -breaking terms shall not exceed the 
values of the tree-level Yukawa couplings. This reasoning is modeled after the standard line of argu- 
ments used to justify low-scale supersymmetry: Large cancellations between the bare Higgs boson 
masses and loop corrections must be avoided, leading to superparticle masses at or below the TeV 
scale. This argument involves two unphysical quantities, the bare mass and the corresponding radia- 
tive corrections. In our case the quantities Y^ - and A^- are separately unobservable as long as only 
low-energy quantities are studied. However, once Higgs or chargino couplings to squarks are studied, 
different combinations of Y^^ and A^- can be investigated and our assumption about the absence of 
fine-tuned cancellations can be tested in principle as discussed in Sect. ID Another viewpoint on the 
subject is provided by 't Hooft's naturalness criterion, which links the smallness of a quantity to a 
symmetry which is broken by a small parameter. The rough size of the symmetry-spoiling parameter 
can be infered from the size of the studied quantity. In the case of the small elements of the Yukawa 
matrices the protecting symmetry is a flavour symmetry, which corresponds to independent rotations 
of left-handed and right-handed fermion fields in flavour space. In the SM the only parameters break- 
ing this symmetry are the small Yukawa couplings. In the generic MSSM the flavour symmetries are 
broken by both the Yukawa couplings and the soft supersymmetry-breaking terms and the natural way 
to restore the protecting symmetry is to set the small parameters in both sectors to zero. Scenarios in 
which the 5^- 's substantially exceed the bounds derived in this paper are therefore unnatural in 't 
Hooft's sense. 

Our paper is organised as follows: In Sect. |2] we calculate the one-loop renormalisation of the CKM 
matrix by supersymmetric QCD effects. In Sect. [3] we use our results to derive constraints on the 
elements A|^^^ and A^^^^ of the squark mass matrices in Eq. Here we also reappraise the idea 
that flavour violation solely originates from supersymmetry breaking. In Sect. |4] we apply our results 
to the renormalisation of charged-Higgs and chargino couplings to quarks and squarks. Finally we 
conclude. Conventions and Feynman rules are collected in an appendix. 



2 Renormalisation of the CKM matrix 

To calculate the desired renormalisation of the CKM matrix we must consider squark-gluino loop 
corrections to the coupling of the W boson to quarks. There are two possible contributions, the 
self-energy diagrams of Fig. |2] and the proper vertex correction. In the limit MsusY ^ v the self- 
energy contributions reproduce the results of the diagrams in Fig. [U (For a discussion of this feature 
in the MFV case see Refs. [11, 19].) From the considerations in the Introduction we know that we 
need some parametric enhancement (by e.g. a factor of |^jJ/(MsusY|^jj|) ^ 1) to compensate the 
loop suppression and the diagrams of Fig. |2]involve such enhancement factors. The vertex diagrams 
involving a W coupling to squarks are not enhanced and moreover suffer from gauge cancellations 
with non-enhanced pieces from the self-energies. Therefore we only need to consider self-energies, 
just as in the case of the electroweak renormahsation of V in the SM [18]. 
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5 




Figure 2: One-loop corrections to the CKM matrix from the down and up sectors. We denote the 
results of the left and right diagrams by fi and ji, respectively. 



From now on we work in the super-CKM basis unless stated otherwise. Since we work beyond tree- 
level, we have to clarify how we define the super-CKM basis in the presence of radiative corrections: 
Starting from some weak basis with Yukawa matrices Y*^ and Y" we perform the usual rotations in 
flavour space 

dL,R U^l!r^l,r, ul,r U^l^rUl,r (4) 

to diagonalise Y^^ and the tree-level mass matrices mq°'* = Y'^Vq and apply the same rotations to 
di^R and ul.r- This defines the super-CKM basis in which the elements of M| in Eq. ([T]) are defined. 
The tree-level CKM matrix is then given by 

ym ^jj(fi)u^jj{0)d 

To fix the relation between V^^^ and the physical CKM matrix V we must define a renormalisation 
scheme. First note that all radiative corrections discussed in this paper are finite, so that the notion 
of minimal renormalisation means that all counter-terms are simply equal to zero. Two possibilities 
come to mind: 



i) Minimal renormalisation of V: The Lagrangian contains diagonal Yukawa matrices and V^^^ 
without counter-terms, while the measured CKM matrix V differs from V^^^ by the radiative 
corrections in Fig. [2l Recall that for nij ^ one can treat the diagrams of Fig. |2]in the same 
way as genuine vertex corrections, i.e. there is no need to truncate such diagrams or to introduce 
matrix- valued wave function renormalisations [20]. 

ii) On-shell renormalisation of V: The Lagrangian contains finite counter-terms to cancel the 
flavour-changing self-energies of Fig. [2l These counter-terms arise from a perturbative uni- 
tary rotation of the quark fields in flavour space, q^^n ^ [1 + 5Ul ^]qL,R [18]- This in turn 
induces a counter-term 

5V = 5C/^V(°) + V^^'hut (6) 

to the CKM matrix. In the on-shell scheme we can identify V = V^^\ but after the extra rotation 
of the quark fields we are no more in the super-CKM basis and the bare Yukawa matrices 
and y" are no more diagonalQ 



'That is, in our Feynman diagrammatic approach the FCNC Higgs couplings of Refs. [12-15] enter the Lagrangian 
through a finite FCNC counter-term to Yukawa couplings. 
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We choose method i), because it involves the super-CKM basis, so that we can immediately use the 
A|^^^'s defined in Eq. ([T]), permitting a direct comparison with FCNC analyses. This issue of the 

definition of A^j formally goes beyond the one-loop order, but is numerically highly relevant, be- 
cause the tree-level elements V-^p and the finite counter-terms [SUljij are similar in size: If one works 
in an alternative basis in which the (s)quark superfields are rotated by [1 + 6Ul ^] , the off-diagonal 

elements A^j of the squark mass matrices can substantially differ from those of our definition of 
the super-CKM basis. 

We also need to address the renormalisation scheme used for the quark masses: The supersymmetric 
loops are subtracted on-shell, so that we can use the masses which are extracted from measurements 
using SM formulae. While we do not consider gluonic QCD corrections in this paper, we assume 
that an MS prescription is used for the latter. That is, we take MS values for the quark masses in our 
numerical analyses. This procedure is guided by the decoupling limit discussed in the Introduction: 
The Yukawa couplings of Fig. [T] enter these diagrams as short-distance quantities defined in a mass- 
independent scheme such as MS and are evaluated at a scale of order MsusY- The effective couplings 
are then evolved down to a low scale at which the quark masses and V are calculated, yielding quark 
masses in the MS scheme, yet with decoupled (i.e. on-shell subtracted) SUSY loops. 



The self-energies can be divided into a chirality-flipping and a chirality-conserving part {q 
i, f = 1, 2, 3 labels the incoming and outgoing quark flavours, respectively): 



u, d and 



^qRR 



(V) 



Since the SUSY particles are much heavier than the five Ughtest quarks, it is possible to expand in 
the external momentum, unless one external quark is the top. In the following we consider the self- 
energies with only light external quarks and return to the case with a top quark at the end of this 
section. 

We now write the result of the left diagram of Fig. |2] (omitting external spinors) as 



with 



(Y.dRL + ^Rr\ + U^dLR + ^Ll\ 

DLfi = y] Vfj ^ (8) 



... m^-m^. 



The diagram with j = i is treated as in the case without flavour mixing, i.e. the self-energy is truncated 
and contributes to the LSZ factor in the usual way. The right diagram fi involving Ti'j- instead 
is obtained in a similar way. Since the quarks are light compared to the heavy SUSY particles, we 
can evaluate the self-energies in Eq. © at p2 = 0. S^f ^ and S^f " have mass dimension 1, while 

Ey^^^ and H'jj^^ are dimensionless. The chirality-flipping self-energies involve at least one power 
of V and at least one factor of a trilinear term or a Yukawa coupling multiplied by fi. To first order 
in flavour-changing SUSY parameters these factors contribute to with a parametric enhancement 
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of |A^.|t;q/(MsusYmax(m,^,mq^.)) or (using m^°^ = Y-lvq) of |A|-^^/i| tan/3/M|ugY- Thus we 
find the enhancement factors which we inferred earlier from Fig.[T] Clearly, the terms with S^^^^ and 
Y/iRR £q ^ ^j-g suppressed by m^. ^ /MsusY compared to the chirality-flipping contributions and 
are therefore negligible. 

The LR and RL self-energies are 
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satisfying £^^^^(0) = S^^^^*(0). In Eq. (|9l) we have diagonalised the squark mass matrix, with 
the eigenvalues denoted by mg^ . The quantities V^^^ and Vgf^ are combinations of the rotation 



matrices of quarks and squarks fields and are defined in Eq. ( |29l ) of the appendix, where also our 
conventions for the loop functions Bq, Cq and Dq are listed. In the second order of the mass insertion 
approximation (neglecting terms with more than one flavour change) Eq. ^ becomes (for f i) 
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Even if the flavour-changing elements A^^^^ are small, the approximation of Eq. (ITOl ) breaks down, if 

A|j^^ is of the order of (Mj^ j^)"^ for either j = i or j = f, i.e. for large flavour-diagonal left-right 
mixing. This is the default situation for the top squarks and also happens with the bottom squarks if 
tan (3 is large. We therefore work with the exact formula of Eq. ([9]). 



We now collect the results of the diagrams in Fig. [2] with the simplification that we neglect all small 
ratios of quark masses such as ms/rrih. One finds 
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with the matrices 
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In our super-CKM scheme i) the inclusion of the radiative correction is equivalent to the use of the 
tree-level coupling in the uW~^d vertex with the replacement 



V={l + At/^^) y W (l + AUt 



(13) 
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and we identify V with the physical CKM matrix. In the on-shell scheme ii) the counter-terms = 
—AUf^ and 6U1 = —AWj^ cancel the loops and V^^^ = V is maintained. It is crucial that 1 + 6Ul 
is unitary, otherwise the unitarity of V (and electroweak gauge invariance) would be spoiled [18]. To 
our one-loop order this means that 6Ul is anti-hermitian. We can easily verify from Eq. (fT2l ) that 
AUl fulfills this criterion owing to S^f^(O) = [S^^^^(O)]*. The self-energies do not decouple for 
^SUSY — ^ oo and, in accordance with the decoupling theorem [21], we find that their mere effect is 
the renormalisation of the CKM matrix, as implemented in scheme ii). 

It is important to stress that the replacement rule in Eq. ([T3] ) only absorbs the effects of the self-energy 
diagrams of Fig. |2]correctly, if both quark lines are external lines. If some ujW'^di vertex appears in 
a loop diagram, one or both self-energies are probed off-shell and one must work with V^^^ and must 
calculate the loop diagram with the nested self-energy explictly. 

We can now understand how to treat self-energies with a top quark in Eq. ([T2l ): If the top quark 
appears on the internal line of the right diagram in Fig. |2l that is j = 3, the self-energy involved 
must be evaluated at = 0, because the external quark is up or charm. The unitarity of V now 
forces us to evaluate Ss/^^ and ^^■^^ at = as well. Interestingly, from today's precision data 
in K and B physics one can determine V from tree-level data only [22]. Of course, none of these 
measurements involves top decays, so that the values of Vts and Vtd inferred from these measurements 
(through unitarity of V) indeed correspond to the definition in Eq. ([T3] ). with self-energies Sg-^^ 
evaluated at = 0. While FCNC processes of K and B mesons involve Vts or Vtd, we cannot 
determine these CKM elements from FCNC processes in a model-independent way, because new 
particles (in our case squarks and gluinos) will affect the FCNC loops directly. Clearly nothing can be 
learned from measuring the tW~^di couplings (in, for instance, single top production or top decays) if 
AfsusY ^ "i^a = "it- However, if mt ~ MgusY any on-shell t s or t ^ d transition involves 

^ S^/^''K)-£f,^^(0) ^.^^ i = 1 or 2. (14) 

mt 

Here the first self-energy enters the calculated tW^di process explicitly, while S3^^^(0) stems 
from the relationship between V and V^^\ Aaj decouples as mf/M^^^y, but can be sizable for 
0(200 GeV) supeipartners, since it involves poorly-constrained FCNC squark mass terms. We con- 
clude that the flavour structure of tree-level top couplings can help to study new physics entering 
chirality-flipping self-energies, while this effect is unobservable in charged-current processes of light 
quarks: Here the chirality-flipping self-energies merely renormalise the CKM matrix; the physical ef- 
fect in a charged-current processes with external quark q is suppressed by a factor of m^/M^^gy- The 
experimental signature would be an apparent violation of CKM unitarity, since the measured value of 
Vts or Vtd would be in disagreement with the value inferred from CKM unitarity. Unitarity is restored, 
once the correction Ait* is taken into account. 



Since inverse quark masses enter Eq. (1121 ). we must address the proper definition of these masses 
in the presence of ordinary QCD corrections. If we worked in the decoupling limit and calculated 
the diagrams of Fig. [T] we would encounter the MS-renormalised Yukawa couplings evaluated at the 
renormalisation scale Q = MsusY, at which the heavy SUSY particles are integrated out. Translating 
that result into the language of Sect.|2]amounts to the evaluation of the inverse quark masses in the MS 
scheme at Q = MsusY- One can derive this (somewhat surprising) result entirely in the diagrammatic 
language of Sect. [2l by studying QCD corrections to the diagrams of Fig. [2] [23]. The first element in 
this proof is the observation that e.g. S , viewed as the Wilson coefficient of the two-quark operator 



3 Numerical Analysis 
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QfPRQi^ renormalises in the same way as the quark mass, so that the ratios S^. /rriq,. in Eq. (fT2l) are 
independent of Q. Since the SUSY parameters entering S fi are defined at the high scale Q = MsusY> 
our constraints derived in the next section will involve m^- (Msusy)- The second element in the proof 
is the explicit analysis of gluonic corrections to the diagrams of Fig. [2l While at intermediate steps a 
quark pole mass enters through the Dirac equation ^qi = niqf'^qi, gluonic self-energies add to m^"'*' 
in such a way that the final result only involves the properly defined MS mass mg. [23]. 

We close this section by recalling the relationship between the Yukawa matrices V = 
diag (yi, y««) and the quark masses [11, 19]: 



m, 



■spq LR 



y^q LR 



(15) 



In Eq. ([TS] ) we have used the fact that S?- can be decomposed into E^. ^ + ^^^j ^ if the physical 
squark masses are chosen as input parameters. S?-^^ is proportional to /z and S^^^^ is propor- 
tional to A^^. If we neglect the A-terms Eq. ( [T5l ) reduces to the expression of [19] for down-type 
quarks. For a detailed discussion of the relation between the Yukawa matrices and the quark masses 
with different choices of input parameters see [23]. 

Eq. ([T5] ) holds in the super-CKM scheme i), which has the advantage that no FCNC Yukawa couplings 
occur. In the on-shell scheme ii) the rotations of the quark fields in flavour space lead to the loop- 
induced finite FCNC Yukawa couplings of Refs. [12-15]. In the super-CKM scheme these effects are 
reproduced from diagrams with flavour-diagonal Yukawa couplings and FCNC self-energies. Finally 
note that A^. can be complex, so that the entries of Y"? (and rri'q^^ = Y'^i'g entering the squark mass 
matrices in Eq. (OTI l) are not necessarily real. 



3 Numerical Analysis 



Large accidental cancellations between the SM and supersymmetric contributions are, as already men- 
tioned in the introduction, unlikely and from the theoretical point of view undesirable. Requiring the 
absence of such cancellations is a commonly used fine-tuning argument, which is also employed in 
Standard FCNC analyses of the 6-j 's [1,5-10]. Analogously, we assume that the corrections due to 
flavour-changing SQCD self-energies do not exceed the experimentally measured values for the CKM 
matrix elements quoted in the Particle Data Table (PDT) [24]. To this end we set the tree-level CKM 
matrix (working in our super-CKM scheme i)) equal to the unit matrix and generate the measured 
values radiatively. For simplicity, we consider the up and down sector separately. We parameterise the 
squark mass matrix according to Eq. (O. We choose all diagonal elements of the squark mass matrix 
to be equal and denote them by m?. For small off-diagonal elements mg is in good approximation 
equal to the physical squark mass. 

The quantities 6lj^^ and Sfj^^ as defined in Eq. ^ violate SU(2) and are therefore proportional to the 
vacuum expectation value (vev) of a Higgs field. This means that if one scales the SUSY spectrum 
by a common factor a, the chirality-fiipping elements ^'i^^^^^ vvill scale like 1/a rather than staying 
constant as one might naively expect for a dimensionless quantity. This leads to somewhat counter- 
intuitive bounds on 6^, and 5^ , which become stronger for a larger scale parameter a. However, 
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the inferred bounds on the trilinear terms Ajj stay constant for a » 1 as expected for a bound 
derived from a non-decoupling quantity. Since it is customary in nearly all treatments of non-minimal 
flavour violation to constrain 6^^ [1, 5-10], we will also follow this convention rather than quoting 
constraints on A? - 

We use the standard parameterisation for the CKM matrix and quark masses defined in the MS scheme 
with the central PDT values [24]. As discussed at the end of Sect. [2j the masses enter the loop 
contributions to V in Eq. ([121) at the renormalisation scale Q = Msusy. at which the self-energies are 
calculated. 

Because of the V-A structure of the W vertex only self-energies T/j- with f < i enter the renor- 
malisation of the CKM matrix in the approximation rug^. = (see Eq. ([T2l)). This implies that for 

f < i only S'jl^^ is constrained in the leading order of the mass insertion approximation in Eq. (ITOl ). 

In order to constrain 6%- or 5.- an additional insertion of some 5^. is needed. Even three inser- 

j J''' 

Q RL Q JCV 

tions are needed to involve 6^- . These diagrams with multiple insertions of djj^ can give useful 

o LiR, 

bounds on one of these quantities only if the 5 providing the needed chirality-flip is large. The 

Q LR RLi 

only candidate is the flavour-diagonal mass insertion 5-- ' and the corresponding contributions to 
Sjj^^ can be read off from the last two terms in Eq. (flOl ). Indeed, we find useful bounds on \6i^^\ 
in the large-tan /? scenario, where df^^/rrid^ is large. The analogous contributions involving 6^^^^ 
are suppressed with respect to those with ^fj^^^jj'^ by a small ratio of quark masses. The upper 

o RR RL 

limits on 5^- and (5^^ from vacuum stability [26], electric dipole moments and FCNC processes 
are stronger than ours. 

We use the following input parameters [24] : 

m^(2GeV) = 0.095 GeV, mc(mc) = 1.25 GeV, 

mbirrlb) = 4.2 GeV, mt{mt) = 166 GeV, 

IK.I = 0.227, \Vub\ = 0.00396, |Kfe| = 0.0422. (16) 



3.1 Down-sector 

We present our bounds on \5fj^^\ and \Sfj^^\ in Sects. |3?TTT] and |3X2j respectively. 
3.1.1 Constraints on 1 5f. 

Constraints from Vus,Vcd: Kts and Vcd are experimentally well known. Their absolute values are 
nearly equal and they have opposite sign in the standard parameterisation, which is respected by the 
corrections Eq. ([T2l ). Fig.[3]shows the dependence of the constraints on the squark mass with different 
ratios trig / rriq. In the approximation m^^ = 0, only 5^2^^ is constrained. Looking at the dependence 
on the gluino mass (Fig.©, it is interesting to note that there is a minimum for rrig « 1.5mq. 



Constraints from Vcb,Vts: In this case, the situation is nearly the same as in the case of Vus, except 
that the constraints are weaker (see Fig. [5ll, because rub is much larger than m^. \Vts\ is essentially 
fixed by the measured value of \Vcb\ through CKM unitarity. 
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Figure 5: Constraints on 62^^ from \ Vcb\ (or | Vt^l) as a function of the squark mass. 
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Figure 7: Two-loop correction to Vtd- 




Figure 8: Constraints on Sf^^ from \ Vub\ as a function of the gluino mass for different values of 
H tan/3/(l + Afe). 
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Constraints from Vub: The last pair of of CKM elements to be discussed is (Vub, Vtd)- In this 
case \ Vub\ does not fix \ Vtd\, because \ Vtd\ is largely affected by the CKM phase. Now ll^^l is exper- 
imentally better known than \ Vtd\, because Vtd is extracted from FCNC loop processes by comparing 
the corresponding experimental result with the SM prediction. In beyond-SM scenarios, this is not a 
valid procedure anymore, because the new particles will alter the FCNC loop processes. Therefore 
we can only exploit the constraint from \ Vub\- The anti-hermiticity of AUl in Eq. (fT2]) implies that 
6f^^ gives a negative contribution of the same size to Vtd- This cannot be the whole contribution, 
since \Vub\ 7^ \Vtd\ and in the standard CKM parameterisation Re Vtd and KeVub are both positive. 
The hierarchical structure of the CKM matrix is responsible for a second contribution: Since Vub and 
Vtd are of third order in the Wolfenstein parameter A, the two-loop process in Fig. |7] involving the 
loop-contributions to Vus oc A and Vcb oc A^ is important as well. This diagram adds a contribution of 
VusVcb = 0.0088 to Vtd- Together with the one-loop contribution from Sf^^, this yields the correct 
value for Vtd- We stress that this does not imply any additional constraint on the SUSY parameters 
entering the self-energies, to order A^ we just reproduced a unitarity relation of the CKM elements: 
Vtd = - KTb + VcdVts ^ -V*f^ - V*,Vts, which (with insertion of Vb ~ Vud ^ 1) equals the product 
of the first and third rows of the CKM matrix. 

The last possible constraint is the phase of the CKM matrix, which one could infer from 7 = 
avg{—V*f^Vud/ (ycbVcd))- However, since 7 is large, no fine-tuning argument can be applied to de- 
rive bounds. Only in a given scenario of radiatively generated CKM elements, the measured value of 
7 can be used to derive a constraint on the complex phases in the mass matrix of Eq. ([T]). 



3.1.2 Constraints on 6^- 

In the presence of large chirality-flipping flavour-diagonal elements in the squark mass matrix, also 
^ij^^ can be constrained. This is the case for large A'jj terms or (if q = d) for a large value of 
fj, tan f3. Here we only consider the second possibility, which is widely studied in the literature. The 
strongest constraints are obtained for Sf^^, because Vub is the smallest entry of the CKM matrix. We 
have included the correction term of Eq. ([T5] ) in our analysis. Our result is shown in Fig. [8] Our 
constraint is compatible with the experimental bound on Br{Bd f^^fJ- ) for values of tan /? around 
30 or below [25]. 

We next discuss the constraint on (^23^^: It is clear that our bound will be looser by a factor of 
|V"cfe/T4b|. Furthermore, for large tan /3 and typical values of the massive SUSY parameters we 
find Br{Bs —>■ n^) more constraining. To find bounds on ^23^^ from \Vcb\ which comply with 
Br{Bs — > ^J'^^J'~) we need a smaller value of tan (3 around 20 and therefore a quite large value for /i, 
if the masses of the non-standard Higgs bosons are around 500 GeV. We do not include a bound on 
(^23^^ in our table of results in Sect. 13.31 



3.2 Up-sector 

In the up-sector, everything is in straight analogy to the down-sector. The only difference is that 
the constraints are weaker because of the larger charm and top masses. But the upper bounds are still 
restrictive, except the ones obtained from Vts or Vcb (see Fig.|9ll. Remarkably, we now have a powerful 
constraint on di^^ from the second diagram in Fig. [2] with g^, = u and g^. = b. 
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3.3 Comparison with previous bounds 



In this section we compare our bounds with those in the literature, derived from FCNC processes 
[6,8-10] and vacuum stabiUty (VS) bounds [26]. We take Msusy = 



ms = 1000 GeV: 



quantity our bound bound from FCNC's 



bound from VS [26] 
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Our value for S^^^ is calculated with ^ ^ ^ = 20 TeV. The quoted bound on 82^^ from h 

57 and B ^ Xg has been rescaled by an approximate factor of 3 from the value quoted for 

-^SUSY = 350 GeV in Ref. [9]. The VS bounds on 5^^^ have also been obtained by scaling the 
quoted values for Msusy = 500 GeV of Ref. [26] by a factor of 1 /2. The VS bounds on S^^^ and 
^23^^ are obtained by multiplying the bound on Si2^ with mt/mc. FCNC effects are decoupling 
and scale as l/Mgygy, but the constraints on are proportional to Msusy rather than Mg^gy, 
because the definition of 5^^^ involves a factor of v/MgusY- Both our constraints and the VS bounds 
on the trilinear SUSY-breaking terms are independent of Msusy (i-e- non-decoupUng), so that the 
bounds on S^^^ scale like 1 /Msusy- We conclude that all our bounds on 5fj^^ are more restrictive 
than those from FCNC processes for Msusy > 500 GeV, and our bound on 5^2^ is stronger than 
the quoted FCNC bound for Msusy > 900 GeV. 



Substantially stronger bounds than ours are only listed for the VS bounds on 1^23 

'12 



LR\ 



\8i2^\- However, the VS bounds related to the latter two quantities are of the form 



Ys^^l and 



^12 



(17) 



where / = ©(Msusy) depends on other massive parameters of the scalar potential. The bounds are 
obtained by studying the scalar potential at tree level and enters the analysis through the quartic 
coupling of strange squarks to Higgs bosons. The smallness of Y^'^ makes this coupling sensitive to 
large loop corrections and the quoted bounds have to be considered as rough estimates at best. Our 
results for 6^2 rest on a firmer footing. 



3.4 Supersymmetry breaking as the origin of flavour? 



The smallness of the Yukawa couphngs of the first two generations (and possibly also of the bottom 
and tau couplings) suggest the idea that Yukawa couplings are generated through radiative corrections 
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[27]. In the context of supersymmetric theories these loop-induced couplings arise from the diagrams 
of Fig. [T] or, in our approach, of Fig. |2] [28]. The B factories have confirmed the CKM mechanism 
of flavour violation, leaving little room for new sources of FCNC's. This seriously challenges the 
idea that flavour violation stems from the same source as supersymmetry breaking. The surprising 
discovery of Sect.|3]is the finding that this idea is still viable, with SUSY masses well below 1 TeV, if 
the sources of flavour violation are the trihnear terms Afj. (Note that the VS bound on |(523^^| poses 
no problem, because one can generate Vet entirely from 62^^-) Of course, the heaviness of the top 
quark requires a special treatment of y* and the successful bottom-tau Yukawa unification suggest to 
keep tree-level Yukawa couplings for the third generation. This scenario has been studied in Ref. [17], 
where possible patterns of the dynamical breaking of flavour symmetries are discussed. 

In the modern language of Refs. [29, 30] the global [[/(3)]'^ flavour symmetrjH of the gauge sector 
is broken to [?7(2)]^ x U{1) by the Yukawa couplings of the third generation. Here the three U{2) 
factors correspond to rotations of the left-handed doublets and the right-handed down-type and up- 
type singlets of the first two generations in flavour space, respectively. That is, our starting point is 
Y" = diag (0, 0, Y^), Y'^ = diag (0, 0, Y^). We next assume that the soft breaking terms A|^^^ and 

A^J^^ possess the same flavour symmetry as the Yukawa sector, which imphes that and A"^ 

are diagonal matrices with the first two entries being equal. That is, flavour universality holds for the 
first two generations. From a model-building point of view, it maybe easier to motivate that at some 
scale A^^^ and A^^^ are proportional to the unit matrix, meaning that they possess the full [t/(3)]'^ 
flavour symmetry of the gauge sector. However, below this fundamental scale this symmetry will 
be reduced to [[/(2)]'^ x U{1) by renormalisation group (RG) effects from the Yukawa sector and we 
restrict our discussion to the [[/(2)]'^ x U (1) case here. Now we assume that the trilinear terms A? are 
the spurion fields which break [f7(2)]'^ x U (1) down to the U {1)b baryon number symmetry. (After 
including the lepton sector the remaining anomaly-free symmetry group is U{1)b-l-) Note that RG 
effects do not destroy the symmetry of the Yukawa sector, because the soft terms do not mix into 
the Yukawa couplings. By contrast, in the standard MFV scenario [30] the role of flavour-symmetric 
and symmetry-breaking terms is interchanged, and the latter (here the Yukawa couplings) mix into 
the former. Still our scenario is not completely RG-invariant, because the trilinear terms mix into 
A^^^ and A^^^ . We next apply the rotations of Eq. (01 to the quark supermultiplets of the first two 
generations to render the upper left 2x2 submatrix of A.^ diagonal and real. That is, the Cabibbo 
angle arises from the misalignment of A" with A*^ in flavour space. The u, d, s and c quark masses 
all arise from supersymmetric self-energies involving A'^-. Note that the RG evolution destroys the 
[U{2)f X U{1) symmetry of A|:^^ and A^^-^ due to Af^ / Al^, but only generates off-diagonal 

A^^^ terms through tiny electroweak loops as in MFV scenarios. The vacuum stability bound in the 
first row of the table in Sect. l3.3l is absent and the corresponding bounds on the diagonal elements A^^ 
can only be obtained after loop corrections to the scalar potential are included. The CKM elements of 
the third row and column are obtained by calculating AUl of Eq. (fT2l) . 

The idea that flavour violation is a collateral damage of supersymmetry breaking is not only econom- 
ical, it also solves one of the most urgent problems of the MSSM: It was pointed out in [31] that the 
phase alignment between A'^^ and the radiatively generated quark masses suppresses the supersym- 
metric contribution to the neutron electric dipole moment. Since Y"^^ = 0, the phase of fi does not 
enter the neutron EDM at the one-loop level. 



"We only discuss the quark sector here. 
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4 Charged-Higgs and chargino couplings 



CKM elements do not only enter the Feynman rules for W couplings but also appear in the couplings 
of charged Higgs bosons and charginos. The Feynman rules in the super-CKM scheme i) involve 
= f/^('^)tf/^(o) throughout as described in section 2. Whenever a charged Higgs boson or 
a chargino couples to an external quark there are chirally enhanced one-loop corrections similar to 
those in Figs. [2] and |7] We can include these diagrams by working with the tree-level diagrams and 
replacing U'[^^^ by 



Uf^ (1 + A[/1), 



(18) 



if the external quark is left-handed. For instance, we have shown in Sect. [2] that the loop corrections 
to the UfW^di coupling were correctly included by this replacement (see Eq. ([T3l)). That is, in 
the case of UfW~^di coupling one simply uses the physical CKM matrix Vji instead of the tree- 
level CKM matrix vj^\ One immediately notices that (in the super-CKM scheme) the u*jW~^di 

coupling still involves V^^\ because the supersymmetric analogues of the diagrams of Fig. |2] are 
not chirally enhanced and will only lead to small corrections of the typical size of ordinary loop 
corrections. Enhanced corrections to charged-Higgs and chargino interactions have been discussed 
for MFV scenarios with large tan/3 in Refs. [15, 32]; in this section we derive the corresponding 
results for the non-MFV case using the formalism of Sect. |2] 



Flavour-changing self-energies lead to antihermitian corrections to the matrices U^^'^. Charged-Higgs 

and chargino couplings also involve right-handed fields; the corresponding corrections to U^^'^ are 
obtained by simply exchanging the chiralities in the expressions for AU'[ (cf. Eqs. (fT2l ) and ([TS])). 
The CKM matrix which enters charged-Higgs or chargino vertices is not the physical one, because in 
these cases y^^^ does not add up to V together with enhanced loop corrections. The charged Higgs 
interaction ujH^di has the Feynman rule 



iA 



(0) 
H+ 



Y''f*vj^ COS (3Pl + 



(19) 



The effect of self-energies in the external legs is included by substituting this Feynman rule with 

3 



A 



(0) 
H+ 



j,k=i 



l + AU^U y"^ * (1-AC/^T) Vki cos PPl 

fj ^ ' jk 



+ Vfj ( 1 - AUt) (l + AUi) ^ . sin I3Pr 



(20) 



Using the explicit expression for AC/|| ^ given in Eq. (fT2l ) and expressing Y'^^ in terms of quark 
masses through Eq. ([TSl l the substitution rule of Eq. (l20l ) becomes 



A 
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H+ 



3 



1+A„2 

. ~ >3] 

\ 1+A„3 
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Pr 



/ ji 



(21) 



4 Chai-ged-Higgs and chargino couplings 



19 



We observe a cancellation between the inverse quark masses in AC/^ (see Eq. ([T2l) ) and the factors of 
mq^ from the V^' 's in the effective off-diagonal couplings. 

For all Higgs processes the genuine vertex correction A^^ is of the same order as the diagrams 
with self energies in the external leg. Furthermore, in the absence of terms with the "wrong" vev 
in the squark mass matrices there is an exact cancellation between the genuine vertex correction and 
the external self-energies in the decoupling limit. This cancellation was observed for neutral Higgs 
couplings in Ref. [33] and can be understood from Fig. [T] The upper right diagram involving A'j^ 
merely renormalises the Yukawa coupling and maintains the type-II 2HDM structure of the tree- 
level Higgs sector. Therefore the loop-corrected Higgs couplings are identical to the tree-level ones, 
provided they are expressed in terms of Vfi and the physical quark masses. In our diagrammatic 
approach A'j- enters both the proper vertex correction and S^^^ and cancels from the combined 
result. 

We neglect all external momenta, so that our expression for A^^ is not valid for top or decays 
unless the gluino or the squarks appearing in the loop function are much heavier than the top quark 
and the charged Higgs boson. The proper vertex correction, to be added to Eqs. (l20l ) and ((2TI) . reads: 



,t=i k,i=i 



LR 

kl 



+ (kT " ™ft + ^-i'i" ""y^i ' "'ft) "t, 

X Co {mu^ , mj^ , mg^ 
The coefficients H^^ are given in Eq. (l34l ) of the appendix. 

In the case of chargino interactions we must take into account that a squark never comes with an 
enhanced self-energy, even if the squark line is an external line of the considered Feynman diagram. 
Here four different couplings (and their hermitian conjugates) occur. Neglecting numerical factors 
and chargino mixing matrices, the Feynman rules for the chargino couplings contain the following 
flavour structures: 

3 3 

UfL X+ I ■■ E vjfY^mf^,^,PR and E Vfj^iPii, 

j=i i=i 

'3' 3 (23) 

u*t X^d^L- E Mf;3,,y«^*y^f and E ^f/l/f Pl, 

utx^d^R-. E wf/y^f y*p«. 

Here g^ is the SU(2) gauge coupling and W^- is defined in Eq. (l25l) . Again we include the self-energy 
corrections, and express V^^'^ in terms of the physical CKM matrix. Then the expressions in Eq. (l23l) 
become: 
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1,171=1 

3 

and ^ Vfi(l-Au() wI^Pr, 



l,m=l 

3 



j,k,l,m=l 
3 



j,k=i ^ 



and 5^ Yl Kt* (l - ^^iO.fe ^'^'^^ 



3 



^i^X+'i.ij: V W^(l-AU^) Vm(i-Au() Y^-(i + Au£) Pr. (24) 

^ — ' \ / jk \ / Im \ /mi 

j,k,l,m=l 

We have seen in this section that in the case of non-minimal flavour violation the CKM matrix (in- 
cluding loop corrections) entering charged Higgs and quark-squark-chargino vertices is not simply 
the physical one. Instead it has to be corrected according to Eq. (l20l ) or Eq. ((2T]) and Eq. ((24l) . leading 
to potentially large effects. 



5 Conclusions 

We have computed the renormalisation of the CKM matrix by chirally-enhanced flavour-changing 
SQCD effects in the MSSM with generic flavour structure. Our paper extends the work of [16], which 
considered the MFV case. We have worked beyond the decoupling limit MsusY ^ v and our results 
are valid for arbitrary left-right mixing and arbitrary flavour mixing among squarks. Subsequently 
we have derived upper bounds on the flavour-changing off-diagonal elements A^j of the squark 
mass matrix by requiring that the supersymmetric corrections do not exceed the measure values of the 

ij 



CKM elements. For MsusY > 500 GeV our constraints on all elements Afj^^, i < j, are stronger 
than the constraints from FCNC processes. We were further able to derive a strong bound on A^^^, 
a quantity which is not constrained by FCNC's. For a large value of tan f3 one can constrain Af^^ as 
well. 

As an important consequence, we conclude that it is possible to generate the observed CKM elements 
completely through finite supersymmetric loop diagrams [17,28] without violating present-day data 
on FCNC processes. In this scenario the Yukawa sector possesses a higher flavour symmetry than 
the trilinear SUSY breaking terms. Most naturally, first an exact [[7(2)]^ symmetry is imposed on 
the quark supermultiplets of the first two generations: Then the corresponding Yukawa couplings Y^j 

vanish and the squark mass terms A^^ , A^- are universal for the first two generations. In the 
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second step the trilinear terms A'fj are chosen to break the flavour symmetry softly and generate light 
quark masses and off-diagonal CKM elements radiatively. This result refutes a common conclusion 
drawn from the experimental success of the CKM mechanism: It is usually stated that the new physics 
of the TeV scale must obey the principle of MFV in the sense of Ref. [30], meaning that the Yukawa 
couplings are the only spurions breaking the flavour symmetries. Our analysis has shown that there is 
a viable alternative to this scenario: It is well possible that Yukawa couplings obey an exact flavour 
symmetry and the spurion fields breaking this symmetry are the trilinear breaking terms. 

As another application of our results, we have derived supersymmetric loop corrections to the cou- 
plings of charged Higgs bosons and charginos to quarks and squarks. In these couplings the squark- 
gluino loops which renormalise the CKM elements are physical and can have a significant numerical 
impact because of their chiral enhancement. We have further pointed out that the calculated flavour- 
changing self-energies can have observable effects in the VF-mediated production or decay of the top 
quark, with the SUSY effects decoupling as m^/Mg^sY for -^SUSY oo. 
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Appendix: Conventions and Feynman rules 

We denote the tree-level quark mass matrix by The unitary matrices diagonalising 

these matrices and the squark mass matrices are denoted by uf^^''^ and W^''^, respectively: 

..(0)«t (0)..(0)n _ (D) TAO)d] (0)^AO)d _ (D) 

m„ — m„ , — ^^^^ 

" ^ d d 

The superscript (D) in Eq. (1251 ) indicates diagonal matrices. That is, the mass eigenstates of the quarks 
and squarks are obtained from the original fields by unitary rotations in flavour space involving the 
matrices U^^ U^^ "''^ and W"^'"^ as defined in [34]. The Feynman rules for the quark-squark-gluino 
vertices in the basis of mass eigenstates then read 

- zV25.r» Y: {uf]^KP^ - U^'^J^sPl) (26) 

i=i 

for an incoming quark and 

- ^V2g,T^ ^ " 4°]r<3.^i^) (27) 
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Figure 10: Quark-squark-gluino vertex. The Feynman rules for the left and right diagrams are given 
in Eqs. (|27] ) and (l26l) . respectively. 



for an outgoing quark. The interaction vertices are depicted in Fig.[TOl Eqs. ( |26l ) and ( [27] ) hold in any 
basis for the quark and squark fields, provided the quark-squark-gluino coupling is flavour-diagonal 
in the original basis, in which the mass matrices m!"^^^ and M? ^ are defined. This condition is not only 
fulfilled if the original basis consists of weak (s)quark eigenstates but also for the super-CKM basis. 

Our starting point is a basis of weak eigenstates: The squark mass term in the Lagrangian reads 

-(""l: m|j, cJj, i*ji)M^'^{uL, CL,iL,UR, cr, in)'^ 

with 

Mw2 ^ (^M? - M|(l + i sin2 ew) cos 2/31 + m^^Uf ^ -v^At - m|f V tan /? \ 

^ \ -Vd-Ai^ - fJ'* tan Pmf^^ M^- - 1m| cos 2/? sin^ Owl + m^"^ / 



m; 



w2 



'M? + M|(l + |sin2eiy)cos2/31 + ml°Vi°)"^ -7;„A:^ - ml°V cot /? \ 

-VuAl^ - cot Pm'u^^ M? + |M|cos2/?sin2 0^1 + ml°^^mi°^ y 

(28) 

The physical CKM matrix differs from V''^^ = U^^^ '^'^jj^^ d corrections from the finite squark- 

gluino self-energies, which are the subject of this paper. In physical processes with external quarks 
the matrices of Eq. ( |25] ) appear in pairs and it is useful to define: 

3 

s fi — / > Rjf j+3,s Lfci ks 
j,k=l 



sfi - ^Lj/ ^^js'-^Rki'^^k+3,s 

^'\=^ (29) 

j,k=l 
3 

jr(.o)qRR _ sr^ rr(°)^*WJ rr^^^^w?* 

sfi — ^Rjf ^^j+3,s^Rki ^'^k+3,s 

j,fc=l 



Flavour violation in the squark mass matrices is usually quantified in the super-CKM basis, in which 

= mi^^ and mf^ = 
(|27l) with the substitutions 



m^^ = mif^ and m^^^ = m!"^\ Then we can use Eq. ( |29l ) and the Feynman rules of Eqs. (1261 ) and 
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E u^rK -^i E <Jr<3,. - w/t3,s- (30) 

Next we relate the quantities of Eq. ([T]l, which are defined in the super-CKM basis, to the parameters 
of the MSSM Lagrangian, which are defined in a weak basis. To this end we have to specify a weak 
basis as our starting point and we choose a basis with rn'^^ = 'rn'^\ U^^^ = U^^'^ = U^^'^ = 1 
and f/l"^" = V^^\ Note that m-g^^ can be complex, if the threshold corrections Ag. in Eq. ( fT5l ) are 
complex. The transition from this weak basis to the super-CKM basis only involves a rotation of the 
left-handed up-type supermultiplets with V^^\ Therefore the down squark mass matrix is unchanged, 
= MY^, while 

d a 



Ml = (31) 
y(0)tM2F(0) + M| (1 + I sin2 Ow) cos 2/31 + mi^ Vi^^ ^ -y(o)t - mi^V cot /3 \ 
_ A" tl/(0) - n* cot /3ml^^^ M| + |m| cos 2/3 sin^ Owl + ml^^ Vi^^ / 

Thus the trilinear terms of the super-CKM basis, A"^, and those in the weak basis are related as 



A'^ = A^, A" = y(°)tA^, (32) 

and A|^^^ is expressed in terms of Afj in Eq. SU(2) symmetry enforces a relation between the 
upper left 3x3 sub-matrices of M? and M|, since they both involve M?. The corresponding relation 



in the super-CKM basis is read off from Eq. (1311) : 



\dLL 



y(0)tM2y(0) 



(33) 



for i,j = 1, 2, 3 and i ^ j. Eq. (l33l) was derived in Ref. [3] with V^^^ = V, i.e. Eq. (l33l) generalises 
the latter result to the case that radiative corrections to V are included. 

The bounds on A^^ derived in this paper assume that the squark-gluino loops at most saturate the 

measured elements of V . The extremal values for A^^ correspond to the case y(o) = 1, for which 
the super-CKM basis coincides with a weak basis. This limiting case is realised in the scenario of 
Sect. 13.41 in which all of V is generated through supersymmetric loops. 

In the super-CKM basis the coefficients H^^ in Eq. ((22]) are given by 

3 

/.I/A0)y'^.cos/3-E^r<sii^/3 
fc=i 

3 

^*y.(0)y«,* sin /3 - E ytf^Tj cos /3 
fc=i 

v2g2 ^ 

^/2M, 





LR _ 








RL _ 








LL _ 








RR _ 
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Wyu^^yipYd, (34) 
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Finally we quote our conventions for the two-point, three-point and four-point one-loop functions Bq, 
Co and Dq: 



m? In I - In ( ^ 

Bo{mi,m2) = 1 + ^ ^ ' 



mt — m 



Co {mi, 1112,1713) 



Bo{mi,m2) - Bo{mi,mz) 



2 2 
m2 — mg 



Do (mi, 7712,7713,7714) 



In (^) + "i2"i3 In + mlml In (^^) 

(m^ — mg) — m|) (mg — m^) 
Co(mi,m2,m3) - Co(mi, m2, 



2 2 
mg — m| 



The two-point function i?o is UV-divergent, our definition above is MS-subtracted. UV divergence 
and the renormalisation scale Q drop out from our results thanks to the super-GIM mechanism. 
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